Cold water oligomers (H 2 O) n and (D 2 O) n with n = 2-5 are assigned in spontaneous Raman scattering spectra of seeded rare gas expansions for the first time. Comparison with infrared spectra provides direct experimental insights into the hydrogen bond-mediated excitonic OH oscillator coupling, which is responsible for ultrafast energy transfer between water molecules, usually suppressed by isotopic dilution in femtosecond experiments for the condensed phase. The experimental coupling constants are compared to those in state-of-the-art full-dimensional water potential energy hypersurfaces, leaving room for improvement in the description of the coupled dynamics in water. Evidence for intensified Fermi resonance between OH stretching and OH bending motion beyond water trimers is collected.
Introduction
The vibrational dynamics of water is of fundamental interest. 1 It is mediated by a network of intermolecular hydrogen bonds, which can be introduced step by step in the popular cluster approach. 2, 3 While matrix isolation 4, 5 and chromophore labeling 6, 7 have proven useful in this context, the study of unperturbed, isolated water clusters is particularly attractive due to the close contact with theory 8 and the large amplitude motion in these systems. Direct infrared 2,9-11 and microwave 12 studies have become available in recent years and have provided detailed information on nuclear quantum effects and electronic cooperativity, in particular when combined with theoretical predictions. Although the Raman selection rules provide essential complementary information on concerted motions, only a pioneering coherent anti-Stokes Raman spectroscopy (CARS) investigation of isolated water clusters has so far been published 13 and discussed controversially. 14, 15 The nonlinearity of the CARS experiment rendered a firm assignment of cluster sizes difficult. Therefore, the characteristic coupling between neighboring OH oscillators in water assemblies, which controls energy flow after local excitation, has remained largely in the dark. This is where the present contribution sets in. By generating isolated, internally cold, small water clusters in slit jet expansions of an atomic carrier gas into vacuum and probing them by an intense visible laser, sufficient numbers of spontaneously Raman-scattered photons are generated to detect OH stretching modes which show negligible infrared intensity and have thus remained unassigned in the gas phase to date. The strong hydrogen bond cooperativity ensures a sufficient spread of the signals on the wavenumber axis for a reliable cluster size separation and size assignment based on stagnation pressure, nozzle temperature, polarization dependence 16 and water concentration dependence up to at least five water units.
Further support for the vibrational and size assignment comes from equivalent experiments with D 2 O. This compensates for the lack of rigorous size selection. 3, 17 The combination with corresponding IR data 10, 18 then leads to an effective approach to the oscillator coupling within a simple framework of Hückel-like coupling matrices, 7 as exemplified in the case of cyclic methanol clusters. 19 The energy splitting of the degenerate monomer oscillators into symmetric and asymmetric linear combinations in a cyclic cluster is caused by coupling through space or through the connecting hydrogen bonds. These coupled modes are observable as a mode pattern in the frequency domain, 20 but their importance is better visualized in the time domain. Excitation of a local OH stretching mode by a suitable ultrashort laser pulse would lead to a rapid delocalization of the excitation energy among the coupled oscillators as a function of time. In a finite cluster and in the absence of other redistribution mechanisms, this is a periodic process which ultimately leads to a refocussing of the energy in the original oscillator. In liquid or solid water, the energy is dissipated irreversibly. Although the detailed quantum dynamics can be complex, there is a reciprocal relationship between the magnitude of the excitonic splitting and the lifetime of the localized state. The larger the spectral splitting, the faster the energy dissipation. Therefore, the size of the coupling constant between OH stretching modes in a water cluster is of prime importance for the femtosecond dynamics of these high frequency oscillators. 16, 21, 22 Because the ultrafast exciton dynamics among degenerate oscillators leads to rapid anisotropy decay, most femtosecond experiments and simulations on liquid water are carried out in isotopic dilution to focus on slower processes. 1, 23, 24 In liquid water, the effective excitonic coupling constant has been estimated 25 to be around 12 cm À1 .
In cold ring-like clusters, it is modelled to be of the same order of magnitude for the bonded OH stretch mode. 26 This is significantly smaller than in the related alcohol clusters 19 (20-30 cm À1 ), which feature the same hydrogen bonded ring topology. 27 We will argue in this contribution that the experimental coupling constants in ring-like water clusters are indeed larger than analytically modelled and more in line with those observed in methanol clusters. The associated concerted stretching modes of water ring clusters are particularly interesting and important because they represent a low energy window of the potential energy hypersurface where water molecules lose their integrity and start to undergo isotope exchange. 28 These modes are also predicted to have exceptionally fast IVR rates. 29 One important aspect has to be considered in the OH stretch coupling of small water clusters. In isolated water molecules, the OH bending overtone is located more than 500 cm À1 below the symmetric stretching fundamental 30 but it comes into resonance for cooperatively weakened OH bonds. As we will argue based on Raman spectroscopic evidence, this hydrogen bond-tuned Fermi resonance becomes increasingly important when moving from the trimer to the pentamer, opening up another energy flow channel in particular for symmetric and thus Raman-active excitation. The corresponding normal modes are visualized for the pentamer case in Fig. 1 . While the focus of this contribution is on cyclic trimers, tetramers and pentamers with their low microwave visibility 12 but well-characterized low-frequency dynamics, 2, 31 we also present the first Raman spectra for isolated water dimers, for which some transitions have previously been observed in He nanodroplets. 32 Finally, we provide circumstantial evidence for the topologically versatile hexamer. 2, 12, [33] [34] [35] [36] After a brief description of the experimental setup, the spontaneous Raman spectra will be presented and assigned. The discussion of excitonic patterns in the cyclic clusters will start with the most clearcut tetramer case and extend to the trimer and pentamer, followed by preliminary assignments of non-cyclic hexamer bands. 3 Results and discussion
Experimental setup

Spectral survey
In supersonic jet expansions, different molecular degrees of freedom may have different effective temperatures or even nonthermal distributions. We obtained monomer rotational temperatures of 30-50 K based on the relative intensities of Stokes and anti-Stokes transitions (see ESI † for details). These are in qualitative agreement with recent results for cluster-free expansions of water in helium, considering the large differences in expansion conditions. 37 Vibrational temperatures are probably higher and lead to relatively broad band contours with occasional hot band features, marked with * in the following spectra. The temperatures can be lowered by variation of the stagnation conditions and carrier gas. axis stretching (Â1.508) and monomer symmetric stretch band center alignment. The correspondence between the isotopologues is indeed very close. Studies of the carrier gas dependence and of the depolarization ratio are provided in the ESI. † Table 1 provides peak positions and explains the labels of the Raman spectral features. Also shown in the upper right traces and in Table 1 are corresponding FTIR supersonic jet spectra, 10 which agree with earlier laser spectroscopy observations. 18, 39 The high degree of complementarity for trimers (3b), tetramers (4b) and pentamers (5b) is a consequence of their ring topology. Table 1 . Detailed information on the measurement conditions, such as nozzle temperature W n , saturator temperature W s and stagnation pressure p s can be found in Table SI in the ESI. † Lower part: Raman spectra recorded using a 0.5 m monochromator. Basically, the clustering extent increases from bottom to top. Upper part: similar conditions but recorded using a 1 m monochromator. Again, the clustering extent increases from bottom to top. The Raman spectra are dominated by the sharp symmetric OH stretching transitions of the monomer, some of which are labeled (1) . Between the symmetric and antisymmetric water monomer bands, a structured scattering signal from dangling (free) OH groups is found. Contributions from dimers (2f), trimers (3f, >2f), larger (>3f) and significantly larger (c3f) clusters can be partially separated, but their discussion will be postponed. They are also summarized in Table 1 for both light and heavy water. A general feature of the warmer Raman spectra is the asymmetric slope of the hydrogen-bonded stretching bands due to thermal excitation. This reflects the sensitivity of the OH stretching wavenumber to the strength of the hydrogen bond, so important in fs bulk water experiments 1 and in the room temperature detection of water clusters. 40, 41 The colder spectra using heavier carrier gases (see ESI †) are substantially more narrow, but show larger contributions from clusters with a hydrogen bond network (n > 5), which are beyond the safe size resolution of our Raman technique.
In the following, we therefore concentrate on the cyclic trimer, tetramer and pentamer Raman features and their interpretation in terms of intermolecular and intramolecular couplings.
Water tetramer
The cyclic tetramer is particularly well suited for an analysis of the OH coupling patterns derived from the combined IR and Raman spectra 19 because it has four equivalent hydrogen bonds arranged on the sides of a square. Each OH group has the same zeroth order wavenumber and couples directly to its hydrogen bond acceptor partner and either along two hydrogen bonds or across the diagonal to its next-nearest neighbor. The direct coupling is described by W 1 and the weaker diagonal coupling by W 2 . A Hückel-like analysis 19 of the combined action of all couplings leads to the determinant equation
the solutions of which are
The symmetry labels A, E, B derive from the S 4 point group. The degenerate pair of E transitions, which is predominantly IR-active, is thus separated by W 2 from the center of the coupling pattern, whereas the predominantly Raman-active A transition is below the center, by 2W 1 + W 2 . This A level was recently predicted to have an intracluster energy redistribution rate of 0.4 ps. 29 The observed width of the Raman transition of 10 cm À1 is qualitatively still compatible with this rate in the limit of a dense manifold of coupling states, but actually more narrow than the corresponding IR mode. The B-transition is expected to have a weak intensity in both types of spectra. The splitting between the IR-active and dominant Raman active bands (E/A) is thus 2W 1 + 2W 2 . Between the weaker Ramanactive and the IR-active bands (B/E) it is 2W 1 À 2W 2 , and between the two Raman active bands (B/A) 4W 1 . As the assignment of the second Raman active band is less certain, we define a composite coupling constant W4 = W 1 + W 2 which only depends on the strong Raman and IR transitions (corresponding to one half of the E/A separation) and allows for a safer comparison between theory and experiment. The experimental error of W4 may be conservatively estimated to be around AE2 cm À1 as one half of the sum of the Raman calibration error of AE1 cm À1 and possible differences between band centers and band maxima in the IR and Raman spectra of up to 3 cm
À1
, which should however largely cancel in the spectral difference.
Depending on the spectral assignments, there are three different ways to analyze the coupling multiplet in the water tetramer. If one neglects couplings beyond the nearest neighbors (W 2 ), the direct coupling constant based on the most active A-symmetric (Raman) and E-symmetric (IR) vibrations is W4 E W 1 = 34 cm À1 , which is to be compared to 12-13 cm
from the most recent and otherwise fairly accurate analytical potential hypersurface. 42 One could argue that the discrepancy stems from the neglect of next-nearest neighbor coupling. Indeed, inclusion of the weakly Raman-active B-transition at 3438 cm À1 reduces the experimental nearest-neighbor coupling Table 2 summarizes the experimental findings for the different assumptions and isotopologues and compares them to the methanol findings. Dependent on the isotopic composition and analysis method, the methanol coupling is seen to be 10-60% larger than the water coupling, in line with qualitative expectations on the strength of the hydrogen bond and susceptible to some perturbations in the CH 3 OD case. 19 Upon deuteration, the coupling constants shrink by 30-40%, as in methanol. 19 In view of the involved simplifications, the agreement between experiment and harmonic ab initio calculations is remarkably good for the (H 2 O) 4 46 This contrasts with the performance of analytical potential energy surfaces derived from these highly correlated calculations, 26, 42 independent of whether the latter include higher than three-body terms and whether they are evaluated harmonically or within anharmonic approximations. 26 Clearly, the OH mode coupling in the most accurate analytical water potentials is underestimated, possibly at the level of specific coupling terms in the analytical many-body expansion.
We emphasize that the experimental data are quite robust, at least concerning W4, which only relies on the dominant transitions of each spectroscopic technique. It appears that coupling among the OH oscillators, and thus resonant energy flow along the OH stretching modes, is underestimated by at least a factor of two in the most accurate analytical fits. Since the multidimensional fits are truly challenging and the investigated quantity is relatively subtle, this is not an unexpected performance, but the present experiments for the first time provide solid evidence and incentive to improve the flexibility of this particular coordinate coupling. However, in order to exclude a coincidental mismatch, it is necessary to turn to the more difficult trimer case.
Water trimer
For the cyclic trimer (ref. 4 and 47 and references cited therein) one has to distinguish between a C 3 symmetric aggregate (simple Hückel model) where coupling constants between the three oscillators are equal and an asymmetric coupling case where the H-bonds differ in strength. 19 For the first case the solutions
are:
Therefore the coupling constant W corresponds to the splitting between the Raman and IR active levels divided by 3.
In the latter case one obtains two different coupling constants W 1 , W 2 and the determinant equation Its solutions are:
The splitting between the highest and lowest level is therefore ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 8W 1 2 þ W 2 2 p and the inner level is separated from the center of the multiplet by W 2 .
The experimental infrared OH stretching spectrum of the water trimer has been studied in different environments. 4, 10, 33, 48, 49 It consists of a main band and a satellite, which is often, but not always located at higher frequency. Upon deuteration, this satellite peak disappears, hinting at a possible tunneling origin. Fig. S8 in the ESI † discusses the phenomenological situation in comparison to the tetramer. Comparison between experiment and theory depends on whether one interprets the weak satellite in the IR as one of the near-degenerate OH stretching modes or not. The maximum spread of the OH stretching modes is either 57 cm
À1
or else E42 cm
. A more likely value is in between, if one interprets the center of gravity of the two IR bands as the proper reference. On the theoretical side, two fit variants of the three body potential yield a spread of the bound OH stretching modes of 50 vs. 29 cm À1 for the water trimer. 50 Matrix isolation IR studies 4 find a large sensitivity of the trimer stretching spectra and their intensities to the environment. The Ne matrix isolation value for the exciton splitting 5 of 57 cm À1 is consistent with our gas phase findings, in particular considering actual matrix-shifts of 15-19 cm À1 in this case.
The non-equivalence of the three hydrogen bonds in the trimer can be included in the analysis and adds further to the uncertainty. In Table 3 , we list the experimentally derived trimer coupling constants according to the symmetric (W = W3) and the asymmetric models (W 1 , W 2 ). For the regular hydrogen isotope, we distinguish between the interpretation of the main IR peak as the quasidegenerate E band (case 3 A ) and the interpretation of both observed peaks as the components of the E band despite their different intensities and large splitting (less likely case 3 B ). Despite the assignment uncertainty, one can see that the W coupling constants show the expected trend with deuteration (decrease) and methyl group substitution (increase), as in the case of the tetramer. When comparing to theory, we always interpret the (now equally intense and more closely spaced) IR doublet in the sense of model 3 B , when extracting a symmetric coupling constant W. The performance of harmonically predicted coupling constants is again remarkable, quite independent of the level of computation, as Table 3 shows. The coupling pattern appears to be rather robust, as expected for a transition dipole or hydrogen bond mediated interaction. This is also the case for one of the analytical WHBB (Wang/Huang/Braams/Bowman) fits to the high level ab initio data, namely the variant 3b6 for the three body contribution. 50 On the other hand, the 3b5 fit only recovers about half of the coupling. As this parametrization appears to have been used for the tetramer predictions, 26, 51 this may contribute to the discrepancies discussed in the previous section.
Tentative pentamer analysis
For the cyclic water pentamer, the absence of symmetry 52 complicates the coupling analysis and several assumptions are necessary to analyze the experimental coupling pattern.
We assume an averaged effective C 5h symmetry, instead of the puckered non-planar ring. Based on simple connectivity considerations, the nearest and next-nearest neighbor excitonic splittings are determined from the following equation: 
IR + Raman
Non-Born-Oppenheimer 13 14 11 The solutions to this determinant equation x i relative to the center of gravity of the multiplet are (with g
as the golden ratio):
The splitting between the dominant IR band (E 1 0 ) and the
whereas the splitting between the two Raman active bands is (3 + g)W 1 + (2 À g)W 2 . In a puckered ring, the degenerate states will be further split by a small amount. Because the highest frequency transition is not predicted to be strong in either IR or Raman spectra, it is desirable to have a linear combination of coupling constants W5 which does not depend on its assignment. This is given by
which we therefore use as a robust measure for pentameric exciton coupling.
As in the case of W4, W5 corresponds to the nearest neighbor coupling W 1 if more distant couplings are neglected. The experimental error in W5 is less than AE3 cm À1 , if we assume a conservative error in the IR/Raman-splitting of 4 cm À1 .
Turning now to the experimental spectra, the dominant IR/Raman water pentamer signals ( Fig. 2 and 3 ) are closer together than the tetramer peaks, despite a reduced ring strain and enhanced cooperativity in the cyclic hydrogen bond pattern. Only the deuterated water spectra offer an assignment of all three bands, if the band at 2500 cm À1 marked >3b is tentatively interpreted as the transition to E 2 0 . One then obtains W 1 = 14 cm À1 and W 2 = 4 cm À1 , which may be compared with the corresponding tetramer values of 17 and 5 cm À1 , respectively. The coupling parameter W5, which only depends on the strong IR and Raman features, is also systematically smaller than for the theoretical harmonic predictions, even at levels that were shown to be quite successful for tetramers and trimers (see Table 4 ). We think that the explanation is of an anharmonic nature. For this, the region around 3200 cm
À1
(2400 cm À1 for D 2 O) must be addressed. 34 Blue-shifted to the Raman transitions of the first monomer OH bending overtone (1o), there is a polarized signal (>3o) near 3214 cm À1 which has an intensity evolution typical for a mix of ring tetramers and pentamers. This is illustrated in Fig. 4 . Its IR counterparts are weak and somewhat shifted (see Fig. 2 and 3 ), 39 supporting a dominant ring cluster contribution. In Ne matrices, a blueshifted 53 trimer bending overtone has been reported 5 at 3190 cm
. Normally, one would expect much less Raman intensity for such a cluster transition, due to the dominance of monomers in the expansions. Furthermore, a coincidence of tetramer and pentamer signals is unlikely in an unperturbed picture. 43 The progressively smaller energy gap between the OH stretching fundamentals (4b, 5b) and the OH bending overtone (>3o) explains both anomalies by an increasing extent of Fermi resonance between the two states (see Fig. 1 ), relative to the trimer. The pentamer may have a somewhat higher bending overtone visibility and experience a reduced overtone frequency due to this anharmonic interaction. That is particularly true for the highest frequency concerted bending modes, which are expected to couple most to the Raman active concerted OH stretching modes (Fig. 1) . As a consequence, the latter are shifted to higher frequency, more so in the pentamer than in the tetramer. Indeed, simple model calculations show that the energy coincidence is close in the pentamer. This is illustrated in Table 5 , which uses published density functional data 43 to predict the energy coincidence between the experimental stretching fundamental nb and the anharmonic bend overtones. The latter are estimated from the experimental monomer bend overtone and the calculated complexation shift in the fundamental region. Fermi resonance is more likely if the depolarization ratio is low (like in the Table 4 Different theoretical results for the nearest neighbor (W 1 ) and distant (W 2 ) coupling parameters for the simple model of a C 5h symmetric water pentamer. Since the minimum structure of the pentamer is not C 5h symmetric and therefore exhibits no degeneracies, the mean values of the two IR active (corresponding to E 1 0 ) and the highest lying two Raman active (corresponding to E 2 0 ) bands have been used for the calculation of the coupling
in the last column does not depend on the uncertain assignment of the weakly Raman active transition E 2 0 and is therefore most reliable 43 or anharmonic effects. 35 It is hoped that anharmonic calculations including Raman intensities will be carried out in the future to compare more accurately with the present experimental spectra.
Water hexamer
For the water hexamer, our Raman spectra provide polarized band evidence above 3100 cm À1 and 3500 cm À1 (c3b, see also Fig. 4 ), but the lack of size-selectivity 54 does not allow for an unambiguous assignment. A ring structure can be excluded based on the comparison with He droplet spectra 33 and a dominant book isomer based on theoretical predictions. 35 The stable prism and cage structures 12 are both reasonably consistent with our Raman spectra 43 with a strong signal above 3100 cm À1 (2300 cm À1 for D 2 O) and a second pile-up of Raman intensity around the trimer band. Weaker Raman signals predicted between the dominant trimer and tetramer bands are consistent with our spectra, but they overlap with n = 4, 5 bands.
Conclusions
The first spontaneous Raman scattering spectra of small water clusters offer quantitative insights into the coherent energy hopping of localized OH stretching excitations from one molecule to another, when compared to existing IR spectra. This is related to the non-coincidence effect, 55 which can be spectrally resolved in the case of cold clusters. 23 Table 6 summarizes the robust OH and OD oscillator coupling constants for the water trimer (W3), the tetramer (W4) and the pentamer (W5). The deuteration and methylation 19 effects are systematic and expected. The ring size dependence is unusually weak beyond the tetramer, which we explain by the growing importance of stretch-bend Fermi resonance for the symmetric modes. Effects of intra-monomer coupling should be smaller in the case of cyclic water clusters, because the strong hydrogen bonds decouple the free and the bound OH stretching modes quite effectively.
The excitonic coupling constants obtained in this experimental study for cyclic water clusters provide valuable constraints on harmonic, 20 anharmonic 26, 44 and empirical 46 models for the By subtracting related spectra with decreasing cluster content from each other after scaling in such a way that the >3o band cancels, negative peaks emerge for cluster sizes smaller than >3o and positive peaks result from cluster sizes larger than >3o. 20 40 vibrational dynamics in hydrogen-bonded systems and water in particular. In a somewhat model-dependent way, they can be interpreted within a time-dependent framework. Already for the trimer, the splittings are consistent with a drop of any local excitation to 1/e within about 0.3 ps. 19, 27 For tetramers and pentamers, the coherent transfer to neighboring modes will be even faster. In an extended network such as liquid water, this decay becomes irreversible and it qualitatively explains the ultrafast energy flow observed in fs-experiments, 22, 36, 56 even without having to invoke Fermi resonance with the bending overtone and other relaxation channels. The latter mechanisms will follow, in particular for cluster sizes beyond the trimer, and ultimately dissipate the energy into low frequency modes. 29 However, the primary step seems to be explainable in a harmonic picture 57 of mode couplings and this is consistent with the present obervation that harmonically determined coupling constants agree quite well with experiment up to the tetramer. Water potentials used for the modeling of fs dynamics in water 8, 26 ,50 should thus be tested for their ability to predict the IR/Raman splitting observed in water clusters in this work. This hydrogen bond-induced excitonic splitting is a subtle, yet crucial ingredient for multidimensional cluster potential energy surfaces, in particular for the smallest clusters of the most important molecule on earth.
